The oral administration of probiotic bacteria has shown potential in clinical trials for the alleviation of specific disorders of the gastrointestinal tract. However, cells must be live in order to exert these benefits.
Introduction
Probiotic bacteria have been postulated to play a positive role in maintaining health 1 since their inception by Ilya Metchnikov, 2 and have been used to alleviate the symptoms of traveller's diarrhoea 3 and irritable bowel syndrome 4 , amongst other conditions. 5 'Probiotic' is a broad term covering many strains of microbes, the majority of which belong to gram-positive Lactobacilli or Bifidobacterium. If these 25 microbes are orally administered they face an acid challenge from the stomach before they act in the intestine. This acid exposure can lead to a reduction in the number of viable cells surviving passage through the stomach after oral administration. 6, 7 Cell death occurs in this acidic environment through a reduction in cytoplasmic pH, causing the loss of enzymatic activity and denaturing of many cell components. 8 Probiotic bacteria typically have strain-dependent levels of acid tolerance, 9,10 with Bifidobacterium being generally less tolerant of low pH. One potential method to reduce cell death during gastric passage is the encapsulation of probiotic microorganisms into polymer matrices. [11] [12] [13] [14] [15] [16] These matrices may impart protection to the bacteria from acid, enzymatic action and bile salts, as well as offering an opportunity to target release to specific sites of the gastrointestinal (GI) tract. 16 , 17 5 The most popular probiotic encapsulation matrix is based on calcium cross-linked alginate. 14 Alginate, a naturally occurring polysaccharide, is composed of randomly 1-4 linked β-D-mannuronic acid and α-L-guluronic acid. 18, 19 Guluronic acid interacts very strongly with divalent cations, forming an 'egg-box' junction, which results in the formation of cross-links between the alginate macromolecules. 18, 20, 21 On a macroscopic level this produces a hydrogel matrix with some highly desirable properties, resulting in its 10 popularity in the fields of bacterial encapsulation, stem cell encapsulation 22 and biomaterials. 23 Additionally, alginate-based capsules have been shown to target delivery of the encapsulated material to the intestine by in vitro 24, 25 models and to increase the numbers of viable bacteria in the colon in vivo. 26, 27 Delivery of encapsulated cells from these materials is governed not by diffusion processes, as for small molecules, but by dissolution of the bulk matrix. This is a result of the large size of the bacteria (> 1 μm) relative to the pores of the gel (< 200 nm). 28 Retention of bacteria at low pH is aided by the acid-gel character of alginate 19 which allows the formation of a gel by 15 aggregation of the polymer chains below the pK a of the acid groups in the monomers (3.3-3.5), whilst dissolution is governed by sequestration of calcium from within the alginate matrix by agents such as phosphates and citrates, and competition for binding sites on the alginate chain by monovalent cations, such as sodium.
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The coating of alginate matrices with oppositely charged polymers is an effective way of modulating the properties of the material. [30] [31] [32] has been shown that coating alginate with the cationic polysaccharide chitosan increases the survival of microorganisms entrapped in the alginate matrix when the formulation is exposed to solutions simulating gastric passage. 12, 24 In addition, there has also been noted a slight retardation of release with the addition of this polymer coat. 24 The aim of our research is to produce a multilayer alginate-chitosan coat on alginate matrices using a layer-by-layer (LBL) approach guided by electrostatic self-assembly. The potential benefit of this coat is improved protection and controlled release of probiotic cells in gastrointestinal conditions. 25 Chitosan is produced by the deacetylation of chitin, 33 a polysaccharide present in various natural materials. This modification results in a structure mostly comprised of 1→4 linked glucosamine (2-amino-2-deoxy-d-glucose) residues, 33, 34 with the minority of the macromolecule in the acetylated form (N-acetylglucosamine) due to incomplete deacetylation. The amine functionality means that chitosan is a weak base, which in this application will allow electrostatic interaction with the acidic residues on the alginate matrix. 30 Though chitosan is a known antimicrobial agent, 35 it only associates to the periphery of alginate matrices, penetrating into the bulk gel very slowly. This means that any encapsulated bacteria should be shielded from interaction with the polymer. The high recovery of cells from these materials, in multiple publications, reflects this. [36] [37] [38] Chitosan is biodegraded by microbial action in the body by a variety of enzymes. 39 However, hydrolysis by the enzyme chitosanase, has been shown to decrease over twenty-fold when the chitosan is ionically bound to the surface of an alginate matrix 40 . As a result, this is unlikely to be a concern in our application. Chitosan has been noted for its mucoadhesive properties, which are retained after the association to alginate gels.
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Layer-by-layer technology has often been utilised in research for the production of novel materials with tailorable properties dependent 5 in part on the number of layers formed. 42, 43 Though fundamentally a time-consuming process, the materials produced can impart some unusual properties, different from their constituent polymers, without the need for chemical modification. These LBL assemblies may be produced by a large range of materials through a variety of different interactions such as hydrogen-bonding 44, 45 or, as in our case, electrostatics. 46 For the most part, LBL research focuses on application to materials science 42 , biosensing 47 and controlled release. [48] [49] [50] LBL processing may be automated, in order to ease this fundamentally laborious process. 51 For our application we intend to study the 10 effect of increasing numbers of polyelectrolyte layers on both the survival and controlled release of the probiotic bacterium,
Bifidobacterium breve, after encapsulation in an alginate matrix. Additionally, the protective effect of alginate encapsulation alone has been shown to decrease with particle size, 14 so further formulation which improves the potency of these capsules in protecting acidsensitive probiotics would be greatly advantageous to counter this effect. 15 The aim of this study is to evaluate the production of alginate matrices coated with multilayers of alternating alginate and chitosan as a viable oral formulation to protect probiotic bacteria from low pH, as well as to target their release to the intestine. These multilayer coated alginate matrices (MCAMs) will be studied using various physicochemical methods and the efficacy of the formulation tested in vitro. Whilst there has been the study of layer-by-layer deposition of polyelectrolytes directly upon probiotic cells, 52, 53 to our knowledge there has not been any investigation on the ability of these multilayers to protect and deliver encapsulated cells. 
Methods
Biacore™ analysis of alginate-chitosan multilayers 30 For Biacore™ analysis, a CM5 chip was used on a Biacore™ 3000 instrument. The gold surface on the CM5 chip was provided functionalized with a layer of carboxymethylated dextran. After docking of a CM5 chip, the channel to be used was twice primed with a 
Preparation of multilayer-coated alginate capsules
Alginate matrices were produced by an extrusion/external gelation method. A 2 % (w/v) alginate solution (1 mL) was extruded through a syringe and pump (2 mL/min) into 0.05 M CaCl 2 solution (50 mL). Gel matrices were formed immediately upon contact with the CaCl 2 solution, and allowed to harden for 30 mins. After hardening, the alginate matrices were removed from the solution via filtration and Determination of strength and swelling of multilayer matrices during processing 25 The diameter of uncoated alginate matrices, and those coated with 1-5 layers of alginate and chitosan were measured using a light microscope (Leica DM2500) and image analysis software (ImageJ), as swelling was noted during the preparation of the formulation. The compressive strength of these MCAMs as the multilayer coats were built up was determined by texture analysis (Texture Analyser, Stable Microsystems). Texture analysis was conducted with a P\1K steel probe at a rate of 1 mm/s, using a trigger force of 0.01 N. The compressive strength was taken as the point at which the gel was seen to fracture on the graph of compressive force against distance 30 (example available in ESI). Rehardening of the gels, for reasons described in later discussion, was conducted by exposure of the capsules to 0.05 M CaCl 2 (50 mL, adjusted to pH 6.0 with 0.1 M HCl, 30 mins).
Determination of coat thickness by confocal laser-scanning microscopy (CLSM)
The thickness of the coat on the outside of the alginate matrices was determined by CLSM. FITC-labeled chitosan was prepared by previously reported methods. 24 In brief, to a 1 % (w/v) chitosan solution (in 0.1 M acetic acid, 100 mL) was added dehydrated methanol (100 mL) followed by a 0.2 % (w/v) FITC solution (methanol, 50 mL). The reaction was allowed to proceed in darkness at room 5 temperature (3 hrs) before precipitation into 0.1 M NaOH (1 L). This precipitate was then dialyzed in deionized water (4 L, replaced daily) until FITC was not present in the dialysis jar, as determined by UV-spectrofluorometry (Jasco FP-6200, λ exc : 488 nm, λ emi : 515 nm). The sample was then lyophilized until complete dehydration. The lyophilized product was re-suspended to a concentration of 0.4 % (w/v) in 0.1 M acetic acid, and adjusted to pH 6.0 with 1 M NaOH. This solution was then used to produce MCAMs as described previously. These matrices were imaged using a Leica SP2 confocal microscope (λ exc : 488 nm), which allowed the visualization of 10 chitosan on the surface of the gel. From these images, the coat thickness was measured using the image analysis software ImageJ. The thickness of the coat as a function of the number of layers could then be determined in order to confirm the association and aid the understanding of matrix structure.
Encapsulation of B.breve into multilayer alginate-chitosan matrices
B.breve was streaked onto WC agar from a cell bank and allowed to grow in an anaerobic chamber (37 °C, 48 hrs). A single colony from 15 this plate was inoculated into Tryptone-Phytone-Yeast (TPY) broth (10 mL) and incubated (37 °C, 22 hrs). After growth to an OD 600 of 2.0, the cells were centrifuged (3200 rpm, 10 mins), the supernatant removed and the cell pellet washed with PBS. The cell pellet was then resuspended in 2 % (w/v) alginate solution (10 mL) previously sterilized by microfiltration (0.4 μm). This solution was then used to produce MCAMs as described previously. The chitosan solutions used in these experiments were sterilized by microfiltration (0.4 μm).
Viability of free and encapsulated B.breve in simulated gastric solution 20 For free cells, B.breve was grown as described above in TPY broth. Once grown, a 100 μL sample was taken for enumeration by the serial dilution and plate count method. Briefly, cells were diluted in a series of vials containing PBS, before spreading on solid WC agar.
Colonies were counted after 48 hrs growth in an anaerobic cabinet (37 °C). After enumeration, the cell suspension was centrifuged (3200 rpm, 10 mins) and the supernatant removed, followed by washing with PBS (1 mL). The remaining pellet was then suspended in simulated gastric solution (10 mL) and incubated (37 °C, 2 hrs, with shaking at 100 rpm). Samples were taken at 1 hr intervals and 25 enumerated as described above.
For encapsulated cells, 3 batches of MCAMs containing B.breve were produced from the same broth of cells, as only 1 mL was needed to prepare each batch. Two of these batches containing B.breve were placed into simulated gastric solution and incubated (37 °C, with shaking at 100 rpm). The remaining batch of matrices was placed directly into a 100 mL PBS solution and incubated (1 hr, with shaking at 100rpm). These half dissolved MCAMs were then made homogenous using a stomacher (Seward stomach 400 circulator, 20 mins) and 30 enumerated as described previously to give a starting cell concentration. During this procedure one of the two batches of matrices in simulated gastric solution was removed from the gastric solution at 1 and 2 hrs incubation. These matrices were then dissolved and enumerated using the same method as for the starting cell concentration reading. for association should be taken as the difference in RU before and after the injection of an analyte, and not during.
Release of cells from multilayer alginate-chitosan matrices under in vitro gastrointestinal solutions
MCAMs containing cells were produced as above. The matrices were then placed first into simulated gastric solution (10 mL, pH 2.0) and incubated (37 °C, 60 min, with shaking at 100 rpm). Samples were taken from this solution at 0, 30 and 60 mins and the number of cells in solution determined by counting using a light microscope and hemocytometer on a Nikon Microphot-SA microscope. After 60 10 mins incubation, the MCAMs were removed from the gastric juice by filtration and placed into simulated intestinal solution (pH 6.0, 50 mL) and incubated (37 °C, 60 min, with shaking at 100 rpm). This pH was chosen to better represent the proximal small intestine. 55 The cells were counted at 0 and 60 mins, before removal by filtration and resuspension in simulated intestinal solution (pH 7.2, 50 mL), followed by incubation (37 °C, 180 min, with shaking at 100 rpm). This pH was chosen to represent the distal portion of the small intestine. At 0, 60, 120 and 180 minutes in buffer, the cells were counted as before. For each experiment an additional batch of matrices 15 was produced and instantly placed into PBS (100 mL) and incubated (60 min, with shaking at 100 rpm). These capsules were then placed into a stomacher (Seward stomach 400 circulator, 20 mins) and the cells counted using a microscope and hemocytometer to give the starting cell numbers for each experiment. 
Results and discussion
In order to interpret the data produced using the Biacore™ 3000 it is important to understand what, specifically, it is measuring. Inside the instrument is a gold chip which has been functionalized with carboxymethylated dextran (CDX). Onto this a series of microfluidic channels are placed, over which the sample and eluent are flowed. To the underside of this chip is a semicircular glass prism through which a light source is passed at an angle of total internal reflection; the magnitude of this angle is measured by the Biacore™. The light 5 source excites the valence electrons present on the gold chip so that they oscillate parallel to the gold. This oscillation is called Surface Plasmon Resonance (SPR). Changes in the refractive index close to the chip result in an interference with the SPR, which manifests itself as a change in the angle of reflection through the prism, which the Biacore™ can detect. Any analytes interacting with the CDX surface change the refractive index close to the chip, and therefore the angle of reflection. This gives a response to the Biacore™, allowing us to detect associations between macromolecules and the surface of the chip by changes in response units (RU).
9, 58, 59 10 Recently, Biacore™ has been shown to be an effective method of monitoring the production of polymer multilayers. 7, 8, 60 The sensorgram produced by alternating injections of alginate and chitosan is shown in Figure 1A . Upon injection of the chitosan solution,
there was a response associated with the binding of chitosan to the CDX; this was followed by a gradual increase in RU after binding, associated with the rearrangement of the polymer chains and adaptation to the new buffer system ( Figure 1B ). After allowing 60 min for 15 the newly formed layer to settle, alginate was injected across the channel. There was a detectable response associated with this injection,
showing the association of alginate to the chitosan layer on the chip ( Figure 1C ). After alginate injection, there was a much quicker settling of the system, so only 10 min was required before the next injection. Though this response was much lower than that given by chitosan, this is likely to be mainly a consequence of the much lower concentration used. The reason for this lower concentration is due to processing issues which will be highlighted later in the text. It is important to note that there are solvent effects seen in Biacore™, so 20 the response for each layer should be taken as the difference in RU before and after injection (shown in Figure 1C ). This data allows us to confirm that there is build-up of alginate-chitosan multilayers on the CDX chip, so the association of these to the exterior of an alginate matrix should be achievable.
It was noted that with the repeated injection of chitosan alone into the channels of the Biacore™ a similar trend to the multilayer case can be observed. It appears that chitosan was able to associate to the previous layer of chitosan, probably as a result of some nonspecific 25 hydrophobic interactions and the high viscosity of the sample. However, the responses for the alginate-chitosan system were of a higher relative magnitude than those for chitosan alone (Figure 2 ). Once the polymers had been associated to the CDX surface, the stability of their interaction could also be studied using Biacore™ Should dissolution of the MCAMs occur, they will do so with the multilayers still present on the surface. 25 It was noted that during the coating of alginate matrices with alternating layers of alginate and chitosan there was swelling and softening of the material. The swelling of the matrices was quantified using a light microscope and expressed as percentage volume change. 
Number of chitosan layers
It was hypothesized that the reduction in strength of the MCAMs was a result of the removal of calcium ions from the bulk matrix by the coating polymers. Alginate has a particularly high affinity for calcium so may be able to draw the metal ions out of the gel during exposure to the calcium cross-linked alginate matrix. It was for this reason that a 0.04 % (w/v) alginate solution was used, while chitosan was kept at a 0.4 % (w/v) concentration. Prior experimentation showed that using a 0.4 % (w/v) solution of alginate to build-up layers resulted in very weak, deformed matrices; we hypothesize this is a result of increased calcium ion sequestration. Suspension of the LBL- The build-up of multilayers could also be confirmed by methods previously utilized for imaging chitosan association to alginate gels ( Figure 6 ). 24 This method allowed us to view the distribution of FITC-labelled chitosan within the multilayer-coated matrices using CLSM. These images showed the appearance of fluorescence around the periphery of the gels, confirming the presence of chitosan only on the surface of the microcapsules. Bands of polymer were not seen, indicating that the polymers interpenetrate on the surface of the 25 matrix. The thickness of this coat can be quantified using image analysis software. It was seen that as layers were built up from 1 to 5
there was an increase in the thickness of the chitosan layer on the surface of the MCAMs from 7.2 ± 0.6 μm to 13.0 ± 3.3 μm. This increase in coat thickness will be a result of both the increased quantity of chitosan on the surface, and swelling of the materials. The localization of chitosan on the periphery of the MCAMs is crucial to the survival of microbes within the alginate matrix, as chitosan is a known antimicrobial agent. Chitosan has a relatively high molecular weight and exists in solution as only a semi-flexible chain. 62 This 30 gives chitosan a relatively large hydrodynamic radius, and as a result its diffusion into the alginate network is very slow. In order to assess the efficacy of these MCAMs to protect probiotics from the low pH of the stomach, an in vitro method was used ( Figure 7) . Exposure of the free cells to a simulated gastric solution resulted in a loss of viability from 9.23 ± 0.02 log(CFU)/mL to numbers below the limit of detection (3 log(CFU)/mL) after 1 hr. Alginate matrices coated with multilayers displayed much improved survival of the cells over 2 hours exposure to simulated gastric solution. A single coat of chitosan increased the viability up to 7.7 ± 0.40 log(CFU)/mL after two hours, which rose to 8.24 ± 0.58 log(CFU)/mL and 8.84 ± 0.17 log(CFU)/mL for 2 and 3 layers of chitosan, 5 respectively. The increase in cell survival can be attributed to the increased buffering of acid as it penetrates into the capsules. It is also possible that the alginate-chitosan complex reduces the rate of diffusion of water in and out of the alginate matrix. These experiments indicate that MCAMs have the potential to greatly improve the survival of cells during gastrointestinal transit. However, at numbers of layers above 3, there was a decrease in the survival of cells, with numbers of viable cells after 2 hours dropping to 7.12 ± 0.75 log(CFU)/mL for 4 layers and 4.72 ± 0.02 log(CFU)/mL for 5 layers of chitosan. This drop in survival can be attributed to the 30 increased swelling and reduced cross-linking density of the capsules allowing a greater influx of gastric fluid. It is possible that this loss of viability may be avoided by the re-hardening of the capsules in CaCl 2 solution, but is beyond the scope of this publication. 
Layer
dependent on the degree of cross-linking of the alginate matrix, particle size and stabilization of the matrices by the multilayers of alginate and chitosan on the surface. These results show that these matrices will most likely deposit the encapsulated probiotic across the length of the small intestine, with a preference to the distal regions. 
Concluding remarks
The deposition of alginate-chitosan multilayers onto alginate matrices was hypothesized as an effective material for the encapsulation of 20 probiotic bacteria and their protection at low pHs. Biacore™ analysis of the isolated multilayers allowed the confirmation of alginatechitosan interaction and production of multilayers. These multilayers were then shown to be stable in both simulated gastric and intestinal solutions. Calcium cross-linked alginate matrices containing the model probiotic, B.breve, were successfully produced which were then coated with multilayers of alternating alginate and chitosan. The presence of these layers on the surface was confirmed by CLSM. The coating process resulted in a loss of strength and increase in swelling of the matrices, which was a consequence of the 25 reduced cross-linking density of the gels. The MCAMs containing cells were exposed to simulated gastric solution in order to evaluate their ability to protect B.breve from gastric passage. All MCAMs gave improved protection over free cells, but encapsulation in 3-layer coated matrices gave the highest recovery of viable cells. Incubation of these matrices in a sequence of solutions simulating gastrointestinal passage showed that all MCAMs had a targeting of release to the intestine, releasing their entire contents over 4 hours.
These results demonstrate that MCAMs may be an effective method of improving the efficacy of orally administered probiotics by 30 protecting them from the low pH of the stomach. 
